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ABSTRACT 
 
B4C is an important engineering ceramic used in a number of different applications. One 
of the promising applications of B4C is in the nuclear industry. B4C has a high neutron 
absorption cross-section (600 barns) and that is why it can absorb neutrons without forming long 
lived radio nuclides. As a result, B4C is extensively used as control rods, shielding material and 
as neutron detectors in nuclear reactors. 
 
During the reactor’s operation, the B4C undergoes severe neutron radiation and defects, 
such as vacancies and helium bubbles, are generated in the structure. These defects are 
responsible for the degradation of mechanical performance of B4C and can make this material 
unsuitable for further exploitation. Therefore, both crystal structure and mechanical properties of 
B4C were studied before and after radiation, as well as for the case when irradiated by neutrons 
B4C samples has been annealed in order to heal the defects introduced by the radiation. Fully 
dense B4C ceramics were produced by hot pressing at 2100ºC, 30MPa, and 45 minutes dwell 
time. 120 small bars of 2×2.5×25mm were machined according to the MOR bar standard. 40 
bars after machining were tested as they were, 80 bars were irradiated with neutrons in neutron 
source for 3.5 months. 40 out of the 80 irradiated bars were annealed at 400ºC for 1 hour with an 
attempt to heal the defects possibly introduced by the irradiation.  
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4-point bending strength, SEVNB fracture toughness, and Vickers hardness have been 
measured on as received B4C, B4C after radiation, and B4C after radiation and annealing. The 
Weibull parameters were determined for each set of the conditions. The fracture surfaces of the 
B4C samples before and after radiation as well as after radiation and annealing have also been 
analyzed using SEM. X-ray diffractometer was used to collect diffraction pattern of the B4C, and 
Raman spectrometer was used to evaluate the vibrational response of B4C. Thus the effect of 
neutron radiation and annealing on the mechanical performance and structure of B4C has been 
analyzed. 
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CHAPTER 1: INTRODUCTION 
Boron carbide is an important nonmetallic hard material. This compound was first 
discovered as early as 1858 [1] and first synthesized artificially by Joly in 1883, which was 
identified as B3C [ 2]. However, it was not until 1934 that its stoichiometric formula was 
assigned as B4C [3]. Today boron carbide refers to a wide range of composition, from B10.4C (8.8 
at.-%C) to B4C (20 at.-%C) [ 4 - 5 6 7 ]. Except B4C, other compounds within this range of 
composition are regarded as solid solution of carbon in B4C.  
Belonging to R-3m space group, the boron carbide’s crystal structure is complex because 
of the highly covalent nature of its interatomic cohesion; twelve atom boron-rich icosahedra 
reside at the corners of a rhombohedron, and each icosahedron is bonded to six others via direct 
bonds, and three-atom inter-icosahedral chains reside between the icosahedra [8]. 
Mechanical performance of boron carbide improves with decreasing porosity, i.e. with 
increasing relative density [9]. It has been proved difficult to obtain high relative density of pure 
B4C under pressureless sintering. Achieving near-theoretical density had required either hot 
pressing, which precludes the formation of complex shapes, or use of sintering additives such as 
SiC, Al2O3, TiB2, AlF3, W2B5 and C [ 10- 1 1 1 4]. And due to these additives, almost all the 
mechanical properties measured on hot-pressed boron carbide samples differ and depend on 
specific impurities and distribution, porosity, grain size, etc. 
With high hardness (29.1 GPa) [2], low density (theoretically 2.52 g/cm3) [2], high 
melting point (2450 ºC) [15], high elastic modulus (448 GPa) [16], chemical inertness [15,17], 
high neutron absorption cross-section (600 barns) [17-18], excellent thermoelectric properties [2, 
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17], boron carbide is currently used for many high performance applications, such as wear 
resistant components, lightweight armors, fast-breeders, reactor control rods in nuclear reactor 
and high-temperature thermoelectric conversion [2].  
As boron carbide can absorb neutron without forming long lived radionuclide and the 
absorption capacity can be enhanced by enriching 10B isotope, it is extensively used as control 
rod, shielding material and as neutron detector in nuclear reactors [19- 2 2 2 2 2 2 2 7]. During neutron 
irradiation, 10B(n,a)7Li reaction induces helium formation in the material. After a short 
irradiation time, helium atoms agglomerate in flat bubbles which induce a large swelling and 
high stresses, and lead to the destruction of the material [28- 230]. This effect of neutron radiation 
has greatly influenced the durability of boron carbide control rod. So in our work we are 
particularly interested in the effect of neutron radiation on the mechanical properties of boron 
carbide. 
This thesis studies both crystal structure and mechanical properties of B4C before and 
after radiation, as well as B4C after radiation and annealing. In the chapter 2, the current research 
on B4C is reviewed. The experiment procedures, including the preparation of full dense B4C by 
hot processing, the radiation condition, the mechanical tests and the characterization by XRD, 
Raman spectroscopy, and SEM,  are described in chapter 3. Chapter 4 discusses the results for all 
the measurement and characterization. In Chapter 5 I summarize the work and make some 
suggestions for future work. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Crystal Structure 
 
Boron carbide can be considered as a prototype of the interstitial compounds of 
rhombohedral boron, which include B12C, B12C2Al, B12S, B12O2, B12As2, B12P2, B3Si and B4Si. 
Interestingly, the stoichiometric compound B4C does not exist and the denomination “boron 
carbide” refers to the whole homogeneity range extending from B4.3C at the carbon rich limit to 
B~11C at the boron rich limit [31], a range of 8.8 mol% to approximately 20 mol% C.  None of 
the interstitial compounds is defined by a precise unit cell, instead, the materials are composed of 
composition-dependent statistically distributed, nearly isomorphous elementary cells, whose 
commonality is the 12-atom slightly distorted icosahedra at each cell vertex and the mostly three-
atom linear chains on the main diagonal parallel to the crystallographic c-axis. The unit cells are 
thus comprised of B12 and B11C icosahedra, with the chains composed of C–B–C, C–B–B or B-
□-B (the symbol □ –indicates an atom vacancy) since the similarly sized C and B atoms readily 
substitute for each other. The general structure formula is (B12)n(B11C)1−n(CBC)p(CBB)q(B-□-
B)1−p−q [32]. The second constituent (e.g. C) occupies sites on the diagonal chain (see unit cell 
shown in Figure 1. For the approximately stoichiometric B4C material, the icosahedra are B11C 
and the chains are C-B-C. Boron carbide melts congruently at 2490 °C (13.3 mol% C), and 
forms a eutectic with carbon at 2375-2400 °C at a composition of 29 mol% C (see the B-C phase 
diagram, Figure 2). The extremely rigid framework arises from the covalently bonded icosahedra 
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and chain units of covalently bonded atoms and leads to the refractory nature and extreme 
hardness [33]. 
 
 
Source: D. Emin, “Structure and Single-Phase Regime of Boron Carbides”, Phys. Rev. B, 
38(1988) 6041-55  
Figure 1: Rhombohedral unit cell structure of B4C showing B11C icosahedra and the diagonal 
chain of C-B-C atoms. Boron atoms are represented as red spheres and carbon atoms as white 
spheres. The lattice parameter a = 0.5166 nm, β = 71.1° 
 
 
Source: M. Bouchacourt and F. Thevenot: ‘The melting of boron carbide and the homogeneity 
range of the boron carbide phase’, J. Less Comm. Met., 67(1979) 327–331  
Figure 2: Phase homogeneity range in B-C phase diagram 
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The average structure, measured by x-ray diffraction pattern (XRD) or by NMR, varies as 
the boron content is varied [32]. The theoretical density increases linearly with increasing carbon 
content, extending from 2.465 for B10.4C to 2.52 g/cm3 for B4C. Kwei et al. [ 34] showed 
theoretically that the central boron atom in the C-B-C chain is relatively loosely held and these 
locations can form vacancies with the formation of vacancies along the 3-atom chain leading to a 
decrease in the thermal conductivity. Aselage et al. found a significant drop in elastic modulus 
when the carbon concentration fell below the 13.3% C point, reflecting a change in stiffness of 
the most compressible structural unit, the icosahedra (i.e. when B11C Æ B12 ). Very little is 
known about the relative ratio of B12, B11C, and C-B-C, C-B-B, B-□-B structural units in boron 
carbide, the rates of growth of the different crystal structures as well as their mutual 
transformations in the solid state as a function of pressure, temperature and time. 
Figure 2 presents B-C phase diagram showing homogeneity range from 8.8 to 20 at.%C, 
as generated by Bouchacourt et al.. In this homogeneity range, boron carbide is a single phase 
with the rhombohedral structure, which belongs to the R-3m space group. Different limits of this 
homogeneity range are also reported at the carbon rich side, corresponding to 18.8 at.-%C 
(B4.3C) [35], 20 at.-%C (B4.0C)  [6-7] and 21.6 at.-%C (B3.6C) [36]. The reason why these results 
are inconsistent could be that it is difficult to estimate free and combined carbon [35]. A detailed 
diagram of the atomic structure of boron carbide is depicted in Figure 3. The icosohedral 
configuration is formed due to the deficiency of valence electrons of boron that tends to form 
three-centre covalent bonds [37]. 
 
 
 
6
 
Source: R. Lazzari, N. Vast, J. M. Besson, S. Baroni and A. D. Corso, “Atomic structure and 
vibrational properties of icosahedral B4C boron carbide”, Phys. Rev. Lett., 83(16) (1999) 3230–
3233  
Figure 3: A schematic presentation of crystal structure of boron carbide. A Rhombohedral unit 
cell, consisting of 12-atom icosahedra located at the corners and C-B-C linear chain at the 
diagonal of the unit cell is shown 
 
The more detailed description of icosahedrons structure is followed below. Each 
icosahedron is bonded to six other icosahedra directly via strong two-centre bonds along the cell 
edges. The atoms forming these two-centre bonds are from two three-atom “poles”, or caps, on 
the top and bottom of the icosahedra. The remaining six atoms in the so-called equatorial sites 
either bond directly to other atoms inside the icosahedra through three-centre bonds or to the 
linear chain structures [38-39]. So as shown in Figure 4, in the icosahedron there are two 
crystallographically inequivalent sites: six atoms occupy two polar triangle sites at the antipodal 
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ends of the icosahedron unit and the other six atoms reside in the equatorial sites. The carbon 
atoms within different icosahedra do not have some preferred locations relative to one another. 
In most of the icosahedra C atom is in a polar site, while in a few percent there is a B12 structure 
or a B10C2 structure with the two C atoms placed in two antipodal polar sites [39]. 
 
 
Source: Francesco Mauri, Nathalie Vast, and Chris J. Pickard, “Atomic Structure of Icosahedral 
B4C Boron Carbide from a First Principles Analysis of NMR Spectra”, Phys. Rev. Lett., 87(8) 
(2001) 085506  
Figure 4: Atomic structure of the icosahedron unit in B4C. The black atoms are on the so-called 
polar sites, bonded to neighboring icosahedra. The white atoms form a puckered hexagon and are 
in equatorial sites. The grey atoms form the chain, to which the equatorial atoms are bonded 
 
As the structure and the properties of boron carbide can be greatly influenced by carbon 
content, the exact knowledge of B/C ratio of the phase is very important. In order to better 
understand the structural changes with the stoichiometry, various structural studies have been 
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made ranging from the boron-rich boundary at 8.8 at.-%C to a carbon-saturated stoichiometry of 
about 20 at.-%C [40], including single-crystal X-ray diffraction for alloys near the B4C [41], 
B13C2 [ 42], and B10C [ 43] compositions. Based on these researchers’ experimental results, 
various models have been proposed to describe changes in the boron/carbon distribution on the 
icosahedral and chain sites [8,41-43]. An early study of X-ray diffraction data [44-45] prompted 
a model that the B4C composition is made up of B12 icosahedra and C-C-C chains. However, the 
fact that the structure consists of B11C icosahedra and C-B-C chains had been proved later by the 
studies based on improved X-ray and neutron diffraction, nuclear magnetic resonance studies, 
theoretical calculations and vibrational spectra [38-39,46- 4 4 9]. 
There are three types of the three-atom linear chain residing in the longest diagonal of 
boron carbide (C-B-C, C-B-B and B-B-B) and two icosahedral structures (B11C and B12). The 
most popular model, based principally on transport data raised by Emin [8] and consistent with 
the study of Raman spectra [38] and structural data [50], indicate that, as the carbon content in 
the composition reduces, the B11C icosahedra structure in B4C initially remained the same while 
the C-B-C chains’ structure was gradually replaced by C-B-B structure. When the composition 
reaches that of B13C2 (≈13 at.-%C), the structure becomes consisting of B11C icosahedra and C-
B-B chains; as the composition gets further boron-rich, the linear chains retained as C-B-B while 
the B12 icosahedra structure starts to replace some of the B11C icosahedra. Carbon-boron bonds 
in the three-atom chains are much stiffer than boron-boron bonds in icosahedra [38]. And the 
inter-icosahedra bonds are stronger than the intra-icosahedra bonds [51]. However, disagreement 
still exists on the structural changes and the nature of site occupancies that occur as the carbon 
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content is decreased towards 8.8 at.-% (B10C). For instance, some researchers [48,52] propose 
that carbon atoms will first be removed from the icosahedra so that the B12 icosahedra structure 
is formed. Due to the electron density and nuclear cross-section (B11 and C12) of boron and 
carbon are similar to each other, the exact site occupancies can not be distinguished very 
successfully by either X-ray diffraction or neutron diffraction studies [52].  
 
  
Source: U. Kuhlmann and H. Werheit, “On the microstructure of boron carbide”, Solid State 
Commun., 83(1992) 849–852  
Figure 5: Composition of structure elements (B12 and B11C icosahedra, C-B-C and C-B-B chains) 
in boron carbide unit cell and chainless unit cells with variation of C content 
 
As is showed in Figure 5, the distribution of three-atom chains and the icosahedra vary 
when the carbon concentration changes. B4.3C, which is near the carbon rich limit of the 
homogeneity range and was assumed to only contain B11C icosahedra and C-B-C chain, also 
contains 19% C-B-B chain. Similarly, for the composition of B6.5C, in which the structure (B12, 
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C-B-C) was assumed to be the most representative and this structure was also used for many 
model calculations, it has been proved that this composition has the least defined structure, 
containing 60%B11C and 40%B12 icosahedra. At the boron rich limit of the homogeneity range, 
the chainless unit cells occur largely [53-54]. A recent ab initio calculations of the formation 
enthalpy and lattice parameters by Saal have revealed some clues of the evolvement of boron 
carbide’s structure for the entire composition range [48]. From his calculations, B11C-CBC 
structure for 20 at.-%C and B12-CBC structure for 13.33 at.-%C composition were found the 
most stable. It was thus suggested that carbon atom is first replaced by boron from the 
icosahedral unit, which is contradictory with those models that suggest carbon atom is replaced 
first from the linear chain. At boron rich end, B12-BVaC (Va denotes vacancy) structure is well 
consistent with the experimental values for boron carbide having 7.14 at.-%C. But the enthalpy 
of forming B12-BVaC is positive, so this composition can not be reached by boron carbide and 
pure boron will precipitate out, which is in agreement with experimental phase equilibrium. 
 
2.2 Physical Properties of Boron Carbide 
 
Physical properties and mechanical performance of boron carbide are greatly influenced 
by the sintering processes, temperature, sintering aids [10-14], grain size, density and porosity 
[9], etc. Therefore the measured values reported by different researchers are hardly comparable. 
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Several common sintering processes and the roles of sintering aids will be specified in Section 
2.3. 
 
2.2.1 Density 
 
Within the homogeneity range of the phase, the dependence of boron carbide’s 
theoretical density on the carbon content can be expressed by Equation 1 [2]. 
 
                                      ( ) [ ] .%0048.0422.2/ 3 atCcmgd +=   (r = 0.998)                                    (1) 
 
with 8.8 at.% ≤ [C] at.% ≤ 20.0 at.%. The theoretical density of B4C is 2.52 g/cm3 [2]. 
The number of atoms per unit cell is exactly 15 for B4C, but increases with the boron 
content and approaches 15.3 for the boron rich limit B10C [55]. 
 
2.2.2 Strength 
 
Flexural strength depends on the stoichiometry of the compound. Within the 
homogeneous range of boron carbide, strength would increase with the carbon content. Beyond 
this range, the strength value will decrease due to the existence of free graphite. But if added a 
small amount of boron, free graphite will be eliminated, thus the strength will get improved. 
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Besides, the pressureless sintered B4C samples shows lower strength value than the HP or post-
HIP treated ones (this will be further discussed in Section 2.3). Different measurement methods 
also result in different strength values. The four-point bending tests give lower values than the 
three-point bending tests. 
 
 
Source: B. Champagne and R. Angers, “Mechanical Properties of Hot-Pressed B-B4C Materials”, 
J.Am. Ceram. Soc., 62(3-4) (1979) 149-153  
Figure 6: The change of flexural strength of B4C with porosity 
 
The effect of porosity and grain size on the strength has been studied [56-57]. The 
flexural strength decreases with increasing porosity and increasing grain size. Figure 6 presents 
the relationship between the flexural strength and the porosity up to 30%. Equation 2 and 3 show 
the relation from several models proposed by Knudsen and other researchers using empirical 
data from hot pressed boron carbide [56-58]. 
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bP−= e
D
0σσ
                                                                    (2) 
 
                                          PD 974.4ln362.0337.20ln −−=σ                                                    (3) 
 
where σ [MPa] is the flexural strength, σ0 and b are constants, D [μm] is the mean grain size, and 
P is the volume fraction porosity. 
Temperature can also affect the strength. Under air atmosphere, the strength gradually 
decreases from 873 K to 1273 K due to the formation of superficial oxide B2O3/B2O2 and 
CO/CO2. However, in a nitrogen atmosphere, the strength of hot pressed boron carbide shows 
little decrease from room temperature (380 MPa) to 1500 K (340 MPa) [ 59 ]. At higher 
temperature the strength can be kept at a very high value by doping Si and Al because they can 
improve the oxidation resistance [60]. 
 
2.2.3 Hardness 
 
The hardness measurements of boron carbide are very difficult due to its high hardness 
value. Values also depend on microstructures, i.e. on processing and densification parameters. 
Since the measurement conditions and the preparation processes of boron carbide samples are 
uncertain, the actual measured values of hardness are scattered, making comparisons difficult. 
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The influence of carbon content on boron carbide’s hardness is debatable. Within the 
homogeneity range, as the carbon content increases, the structure of boron carbide becomes 
stiffer, so the hardness increases. This has been observed by Allen et al [61]. However, Schwetz 
et al. [62] did not find any dependence on C content.  
In the phase homogeneity range, after mechanical polishing, the Knoop microhardness 
(HK) increases linearly with the C content, from HK200g = 2910±90 Kg/mm2 (29.1 GPa) for 10.6 
at.-%C, to 3770 ±80 Kg/mm2 for 20 at.-%C. HK200g = 25.5 ±2.4 GPa for pressureless sintered 
samples and 29.0 ± 1.5 for hot-pressed samples [2].  
In CVD samples, the Vickers hardness (HV) increases with the C content [63-64]. HV 
evolutes with the deposition temperature of CVD and reached a minimum value at 1373 K, 
which corresponds to the microstructure with a maximum grain size [63]. The existence of free 
graphite in CVD samples caused the hardness to decrease [64]. In hot-pressed boron carbide, the 
hardness decreases in the presence of Al-Si-C phase [65].  
 
2.2.4 Fracture Toughness (K1C) 
 
The fracture toughness (K1C) can be obtained from either indentation tests or Single Edge 
Notched Beam (SENB) tests. A relatively wide range of fracture toughness values of boron 
carbide has been reported (2.9 - 3.7 MPa*m1/2) [59,65- 6 7]. Surface defects due to oxidation have 
no influence on the K1C value [67]. Fracture toughness is not greatly changed up to 1473 K in air, 
while under nitrogen atmosphere, there was little or no decrease in fracture toughness of ≈3.7 
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MPa*m1/2 from room temperature to 1500K [59]. However, another study showed contradictorily 
that the fracture toughness decreased from 1.77 at 298 K to 1.31 MPa*m1/2 at 1473 K (these 
values were obtained using Griffith relation) [68].  
Other mechanical properties of boron carbide, such as Young’s modulus and shear 
modulus, increase with carbon content. Table 1 gives the relation between the elastic properties 
and the carbon content [69].  
 
Table 1: Elastic properties of boron carbide 
Carbon (%) E (GPa) G (GPa) υ 
20.0 471 200 0.18 
18.2 465 197 0.18 
15.4 466 197 0.18 
13.3 450 189 0.19 
11.5 351 150 0.17 
10.0 348 150 0.16 
Source: Aselage, T.L., Tallant, D.R., Gieske, J.H., Van Deusen, S.B., Tissot, R.G., “Preparation 
and properties of icosahedral borides”, In NATO ARW - the physics and chemistry of carbides, 
nitrides, and borides, Manchester (UK), 18-22 Sep 1989 
 
2.3 Densification of Boron Carbide B4C 
 
Within this homogeneous range of boron carbide, B4C is superior in properties such as 
hardness, fracture toughness, elastic modulus etc. As B4C is at the carbon rich limit of boron 
carbide compound and is the only boundary between boron carbide and (boron carbide + 
graphite) [55], synthesis of pure B4C without free carbon is a great challenge. The purity of B4C 
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powder has a big influence on the density of final B4C products. The densification of B4C is very 
difficult also because the thin coating of surface oxide layer Boron carbide particles can hinder 
the densifications process. And at the temperature <2000 ºC, which is still below its high melting 
point, surface diffusion and evaporation condensation mechanism occur and result in mass 
transfer without densification [70]. Hence, very high sintering temperatures, sintering additives 
and/or high vapor pressure are always required for the densification. Densification can be 
achieved only at temperatures >2000 ºC by grain boundary and volume diffusion mechanisms. 
The density, porosity and microstructure and mechanical properties depend greatly on these 
sintering parameters. 
Different methods to prepare dense B4C samples without mechanical properties 
deteriorated mainly include pressureless sintering (with/without additives), hot pressing and hot 
isostatic pressing. 
 
2.3.1 Pressureless Sintering 
 
During pressureless sintering green compact pellets are prepared by uniaxial die 
compaction and are then fired at chosen high temperatures in controlled atmosphere. Vacuum is 
introduced in the sintering process to help remove oxide layer of the B4C particles and prevent 
further oxidation. The larger particle surface area and the higher sintering temperature, the higher 
density we can get B4C products. Sintering B4C particles with the size < 1 μm at the temperature 
> 2473 K results in a density of > 90% TD (theoretical density) [71]. The conditions of dense 
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products without using sintering additives include B4C powder with the grain size as low as 
possible (< 3 μm is preferred) and high temperature (2523-2553 K) close to the melting 
temperature [2]. At temperatures below the densification temperature, surface to surface mass 
transport is the main reason for the coarsening process; while at temperatures above the 
densification temperature, vapor phase diffusion of boron carbide is the significant transport 
mechanism for coarsening. 
However, the mechanical properties of the pressureless sintered boron carbide samples 
are not satisfying, for instance, the Vickers hardness and flexural strength are about 18–24 GPa 
and 120–200 MPa, respectively, which are lower than theoretical values. Therefore sintering 
additives are often used to either decrease the sintering temperature or increase the mechanical 
performance by getting fine-grained compounds and near full density. The additives such as Cr, 
Co, Ni, glass and Al2O3 can bring the sintering temperature down to that of < 2073 K. But the 
final density are very low (< 78%TD). Other additives, such as Al, Mg, TiB2, SiC and so on, can 
improve the densification, but will simultaneously increase grain growth, resulting a low 
mechanical strength [2]. Amorphous carbon has been found to be the most effective additives in 
pressureless sintering. It can largely reduce the oxide layer of B4C powders and thus allow direct 
contact between these particles, resulting in a low initial sintering temperature of about 1623 K. 
Carbon additives can enhance diffusion when residing in the grain boundaries, accelerating 
sintering. The excess carbon will locate at the triple point as fine graphite particles, which can 
help improve mechanical properties greatly. Moreover, carbon additives can inhibit the 
coarsening process and prevent the formation of pores. As a result, full density and fine grained 
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B4C can be achieved by carbon doped pressureless sintering. And the mechanical properties are 
superior, such as the flexural strength 351-353 MPa and fracture toughness 3.3 MPa*m1/2 [66]. 
 
2.3.2 Hot Pressing (HP) 
 
Hot pressing is the most common method for preparing dense B4C without using 
sintering additives. This method can produce different simple shapes. The rate of densification is 
fast compared to conventional sintering. Temperature, pressure, time, heating/cooling rate, etc. 
can have great influences on the hot pressed B4C’s density, porosity and microstructure. 
Although it is not a must to have very fine B4C powders as the pre-sintering particles, the size of 
boron carbide typically used for hot pressing is about 1–10 μm. Sintering the compacts with 
starting powders of 3.85 and 0.35 μm at 2423 K under identical pressure for 10 min can obtain a 
density of 91.6 and 99.7% TD, respectively [72]. To achieve full density, fine and pure B4C 
powders with the size of < 2 μm are required. These powders are sintered at the temperature of 
2373-2473 K under the pressure of 30-40 MPa for 15-45 minutes. Figure 7 is a photograph of a 
vacuum hot press with front door open. During hot pressing process, the powder compact is 
heated with the pressure applied simultaneously. In the temperature range of 2073-2223K, the 
enclosed porosity remains constant and low while the open porosity decreases. This step is called 
particle rearrangement. As the temperature rises to 2373 K, the open porosity will be closed but 
the closed porosity still isn’t affected too much. This step is called plastic flow. At the end of 
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sintering, i.e. at the temperature of 2373-2473 K, the pores will be eliminated and the volume 
diffusion occurs [2,73- 7 7 6].  
 
 
Source: A. K. Suri, C. Subramanian, J. K. Sonber and T. S. R. Ch. Murthy, “Synthesis and 
consolidation of boron carbide: a review”, International Materials Reviews, 55 (1)(2010) 4-40  
Figure 7: A photograph of the sintering chamber of a vacuum hot press 
 
The hot pressed B4C compacts generally have an excellent mechanical properties, such as 
the Vickers hardness of 29-35 GPa, fracture toughness of 2.8-2.9 MPa*m1/2, elastic modulus of 
450-470 GPa, flexural strength of 350 MPa [70]. Similarly, the sintering additives are used in HP 
process to help lower the densification temperature or increase the oxidation and thermal-shock 
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resistance. The additives can also hinder grain growth and thus improve the mechanical 
properties. But doped hot pressed B4C is not suitable for nuclear applications. Due to different 
mechanism, the additive of carbon in HP is not that effective as in pressureless sintering. 
 
2.3.3 Hot Isostatic Pressing (HIP) 
 
This is a new technique used to obtain high-density B4C without additives at a low 
temperature of 1973 K [77]. This operation introduces inert gas inside a pressure vessel to apply 
pressure simultaneously with heating up to 100-300 MPa and thus is more effective than the hot 
press process. This method, as post-HIP, is combined with carbon doped pressureless sintered 
B4C to achieve higher density and lower graphite contents with very higher Vickers Hardness 
than commercially hot pressed B4C [9,78-79]. 
 
2.4 Neutron Radiation and its effect on crystal structure 
2.4.1 Irradiation Response 
 
The neutron absorption of B4C is due to 10B, according to the capture reaction shown in 
Equation 4 [20,80]. 
 
                                                                
10B5 + 1n0 → 7Li3 + 4He2 + 2.6 MeV                                                  (4) 
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Neutron irradiation of boron carbide induces helium bubbles formation in the material 
resulting in extensive intergranular cracking. Even after a short irradiation time, helium atoms 
agglomerate anisotropically in flat bubbles which induce a large swelling and high stresses, and 
lead to the degradation of the mechanical and physical properties of the material. When grain 
boundary cracking occurs, a large amount of trapped helium is released simultaneously with the 
occurrence of bulk swelling [81-82]. Formation of these cracks, which prevent heat conduction 
and the atomic disorder resulting in high phonon dispersion, decrease the thermal conductivity 
during irradiation [80]. 
Considerable amount of tritium is produced in B4C by fast neutron irradiation, which is 
retained up to 700 ºC even on annealing and is released only at temperature higher than 900 ºC 
[81,83].  
11B4C is found to be very stable after fast neutron irradiation in reactors. Dimensional 
changes and thermal conductivity of 11B4C are substantially smaller than that of 10B4C [84]. 
 
2.4.2 Change in the Structure after Radiation 
 
During the reactor’s operation, the B4C undergoes severe neutron radiation and defects 
are generated in the structure. These defects are responsible for the degradation of mechanical 
performance of B4C and can make this material unsuitable for further exploitation.  
Copeland et al. [85-86] have reported that irradiation of boron carbide with neutron 
causes lattice strains due to the formation of lithium and helium as reaction product as well as 
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some atomic displacements. Inui et al. [ 87 ] have reported that a complete crystalline to 
amorphous transition takes place by electron irradiation with energy 0.2 MeV and at 
temperature, 163 K. They also found that the amorphous boron carbide remains in amorphous 
state on annealing at 1273 K. They suggested a possibility, that, in boron carbide, the individual 
B12 icosahedra themselves are not destroyed by electron irradiation but their regular spatial 
arrangement in the B12C3 lattice is perturbed and is gradually put in disorder with increasing 
electron dosage, resulting in an amorphous state [87]. 
An early neutron irradiation study of B4C single crystals, conducted by Tucker and Senio 
[88], showed that heavily irradiated crystals exhibited a large number of vacancies in the chain 
centers. They suggested that irradiation displaced the central atom into adjacent interstitial 
positions, as annealing the irradiated samples in the 700-900 °C range restored the X-ray 
intensity data essentially to their prior values. 
 
2.5 Industrial Applications 
 
Boron carbide has been widely used in industry according to previously described 
properties, such as high hardness, high strength until high temperature and high neutron 
absorption ability, as well as good electrical properties. 
The main industrial application of boron carbide is abrasive powder or grit due to its 
outstanding hardness. Particle sizes are available from 1 μm to 10mm, used for lapping, 
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polishing, grinding media and water jet cutting [17]. Boron carbide are also used as coatings in 
cutting tools of various alloys, such as brass, stainless steel, titanium alloys, aluminium alloys, 
cast iron, etc [2]. In electronic industries, boron carbide thin films are used as protective coatings 
[89-90]. Hot-pressed boron carbide ceramic is used for blasting nozzles in water-jet cutting of 
metals and ceramic materials, mortars and pestles due to good wear resistance [2,91]. The post-
HIP sintered boron carbide has the best wear resistance. Other important application of boron 
carbide is body and vehicle armor, resulting from the combination of low specific weight, high 
hardness and impact resistance [ 92 ]. Boron carbide is an effective strengthening medium 
because of its high modulus to density ratio (1.8x107 m), which is superior than most of the high 
temperature materials [19]. Boron carbide powders, activated by fluorides, are used to diffuse 
boron at the surface of steels, forming Fe2B thin layer to enhance the hardness and wear resistant 
[ 93]. The low density, high stiffness and low thermal expansion characteristics make B4C 
attractive candidate to replace Be/Be alloy in aerospace applications [94]. 
Owing to its high Seebeck coefficient (300 μV/K), boron carbide is widely used in 
carbide/graphite thermocouple until 2473 K [2,95]. As a p-type semiconductor, boron carbide is 
found to be a potential candidate material for electronic devices at high temperatures, such as 
diodes and transistors and so on [96-97].  
Another significant application of B4C is in nuclear industry due to its high ability to 
absorb neutron without forming long lived radionuclide. As is shown in Figure 8, B4C is an 
important part of the control rods used for control and shut down of nuclear reactors [20,23,25]. 
It is also extensively used as shielding materials and neutron detectors in nuclear reactors [21-
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22,24]. Boron carbide composites with good thermal conductivity and thermal shock resistance 
are found suitable as first wall material of nuclear fusion reactors [98- 9 1 01]. B4C’s neutron 
absorption capacity can be increased by enriching 10B isotope [27]. Because of its low neutron 
induced radioactivity, low cost and high melting point, B4C is an attractive material used both in 
Pressurised Water Reactors (PWR) and Fast Breeder Reactors (FBR). Especially in FBR, B4C 
has revealed best behaviors under fast neutrons: a large cross-section and no resonance in the 
whole spectrum [2]. As is shown in Figure 8, without the control rods, a sustaining chain 
reaction will take place in the nuclear reactor. The neutrons generated by one reaction will be 
released with very high speed and then collide with more uranium atoms, and thus cause more 
reactions. However, the rate of the chain reaction can be decreased by inserting rods of neutron-
absorbing material such as B4C, as control rods. Therefore, the reaction rate can be moderated by 
inserting or removing B4C rods.  
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Source: A, B from http://apesnature.homestead.com/chapter14.html; C from http://www.world-
nuclear.org/info /inf32.html 
Figure 8: A schematic presentation of how control rods are used in nuclear reactors. (A), in a 
sustaining chain reaction, the neutrons generated by the fission of uranium collide with new 
uranium atoms and thus cause more nuclear reactions; (B), when the control rods are inserted in 
the core of a nuclear reactor, neutrons are largely absorbed so that amplification does not occur. 
The rate of the chain reaction is moderated by inserting or removing neutron-absorbing rods 
(control rods); (C), a schematic presentation of the Pressurised Water Reactors (PWR) 
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CHAPTER 3: EXPERIMENTAL PROCEDURE 
3.1 Hot Pressing of B4C 
 
Commercially available B4C powders (Grade HD 20, ABCR Gmbh & Co. KG) are used 
for HP process. The properties of the powder are provided by the H. C. Starck manufacturing 
company and are presented in Table 2. For the manufacturing of dense samples of B4C, the 
powder was heated to 2100 oC at the rate of 100 oC/min with a pressure of 30 MPa. Then a dwell 
time of 45 minutes was kept. After sintering, the tile of 80×80×8 mm was produced, which was 
presented in Figure 9. The tile was sent for machining at Prema Tech Ceramics and 120 small 
bars of 2×2.5×25 mm were machined according to the MOR bar standard [102]. 40 bars after 
machining were tested as they were, 80 bars were irradiated with neutrons in neutron source and 
40 out of the 80 irradiated bars were annealed at 400 ºC for 1 hour with an attempt to heal the 
defects possibly introduced by the irradiation. And also a smaller tile of 35×50×5 mm (shown in 
Figure 10) was produced using hot pressing under the same condition. Then 12 bars of 2×2.5×25 
mm were machined from this smaller tile according to the MOR bar standard. 
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Figure 9: The photo of a large 80×80×8 mm B4C tile after hot pressing 
 
 
Figure 10: The photo of a small 35×50×5 mm B4C tile after hot pressing 
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Table 2: The properties of the B4C powder 
Characteristic Unit Value Lower Limit Upper Limit 
B:C (Ratio)  3.8 3.7 3.9 
C total % 21.9 21.8 – 
N % 0.2 – 0.7 
O % 2.4 – 2.6 
Fe % 0.0 – 0.1 
Si % 0.06 – 0.15 
Al % 0.01 – 0.05 
Total of defined Elements % 0.0 – 0.1 
Spec. Surface Area (TriStar) m2/g 24.7 22.0 27.0 
Green density (1 t/cm2) g/cm3 1.4 1.3 1.5 
Vol. distrib. D90 % μm 1.1 0.9 1.5 
Vol. distrib. D50 % μm 0.5 0.3 0.6 
Vol. distrib. D10 % μm 0.2 0.1 0.3 
 
3.2 Radiation Condition 
 
Neutron irradiation is a method by which defects can systematically be introduced. Due 
to the high neutron capture cross section of 10B, neutron irradiation studies have varied as 
researchers have employed different techniques to ensure uniform damage throughout samples 
[103].  
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Damaging or disordering of the sample using protons, heavy ions, neutrons, etc., is 
another route to systematically changing the system [104]. Of these possible routes, neutron 
irradiation offers the best avenue for uniformly damaging bulk material. There are two main 
sources of damage from neutron irradiation. First, fast neutrons deposit energy through inelastic 
collisions with atoms, creating thermal and dislocation spikes. Second, 10B has a large capture 
cross section for lower energy neutrons and readily absorbs these thermal neutrons, subsequently 
decaying to 7Li [105]. The absorption of slow neutrons by 10B can lead to self shielding and 
prevents uniform damage in bulk samples significantly larger than the penetration depth [104].  
Under the assumption of linear absorption, the intensity of the incident beam decreases 
exponentially within the sample, and is given by Equation 5 [104]: 
 
                                                        
NteItI σ−= 0)(                                                                (5) 
 
where I0 is the initial intensity, t is the sample depth, σ is the absorption cross section, and N is 
the number density of atoms. Here, N corresponds to the number of 10B atoms per cm3. A 
calculation of the half depth in B4C synthesized from natural boron, which consists of 19.9% 10B, 
yields a depth of approximately 130 μm. Samples with dimensions significantly larger than 130 
μm are expected to contain substantial gradients of damage associated with slow neutron 
absorption.  
The samples were exposed to an isotropic flux of neutrons from 241AmBe sealed neutron 
source. The flux consists of 98% thermal neutrons (E = 25.3 meV) and 2% epithermal neutrons 
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(ranging in energy up to 10 keV) [104]. The B4C samples were irradiated for a time period of 3.5 
months. Figure 11 shows the neutron source at the Department of Physics, UCF. 
The long half-life (~ 433 years) of 241AmBe would provide an almost constant level of 
neutron flux from the source over the lifetime of the equipment (~ 20 years) [106]. The standard 
size U.S. 241AmBe source (3 Ci in a 0.75-in.-diam, 2-in.-long double-sealed stainless steel 
capsule) provides ~6.6 ×106 neutron/s.  
 
 
Figure 11: A picture of neutron source at the Department of Physics, UCF 
            
These isotopic (α, n) neutron sources are constructed as an intimate mixture (generally in 
oxide powder form) of an alpha-emitting radioisotope (241Am) and a target material such as 
beryllium. The energetic neutrons are generated following an interaction between the alpha 
particle and the target material’s nucleus through the reaction shown in Equation 6: 
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4α2 + 9Be4 (target) → 12C6 + neutron + 5.71 MeV                                        (6) 
 
The source of α-particles is 241Am. 
An interesting fact, for the first group- chemically individual boron-containing phases, is 
that boron itself, boron carbide, and also tetra- and hexaborides, the most sensitive to the action 
of neutron irradiation, contain three-dimensional frameworks of boron atoms, whereas diborides, 
the most stable during neutron irradiation, are characterized by alternations of hexagonal layers 
of metal atoms and layers of boron atoms, forming a hexagonal two-dimensional lattice [107].  
 
3.3 Density 
 
Top-loading electronic METTLER TOLEDO Scale (shown in Figure 12) was used to 
measure specimens’ densities under the three types of conditions as described above. The density 
was measured by acetone displacement technique (Archimedes method). According to the 
Archimedean Principle, a solid body immersed in a liquid apparently loses as much of its own 
weight as the weight of the liquid that it has displaced. This makes it possible to determine the 
unknown value. Our B4C samples were first weighed while in air, and then while immersed. And 
from the two weightings (made in grams), density ρ1 was calculated by Equation 7: 
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01 ρρ BA
A
−=            
                                                        (7) 
Where ρ1 [g/cm3] is the density of the B4C samples, ρ0 = 0.793 g/cm3, is the density of acetone at 
room temperature, A [g] is the weight of B4C samples in air (dry weight) and B [g] is the weight 
when immersed in acetone. Hence (A-B) equals the buoyancy in grams.  
By using the 2.52 g/cm3 as a value of the theoretical density, the residual porosity of the 
samples was calculated as a difference of 100% density minus ration of measured density over 
the theoretical density multiplied by 100%, which is shown in Equation 8. 
 
                                                 
%100*%100
ltheoretica
measuredP ρ
ρ−=
                       
                                (8) 
 
 
Figure 12: A picture of top-loading electronic METTLER TOLEDO Scale used for the 
measurements of the density of B4C samples 
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3.4 Mechanical Tests 
3.4.1 Flexural Strength 
 
Flexural strength was determined by four-point bending tests. For both the sets after 
radiation and after radiation & annealing, we had 30 bars tested to failure. While for the set 
before radiation, we had 12 bars from the smaller 35×50×5 mm tile and 28 bars from the larger 
80×80×8 mm tile tested to failure. The flexural strength was then determined using standard 
procedure according to EN 843-1/EN 843-2 [102-108]. Figure 13 is the schematic diagram of the 
4-point bending test. In this work the strength was measured using 20/10 mm load geometry. The 
tests were carried out at room temperature with a cross-head displacement speed of 1 mm/min 
(UTM, Zwick Z005, Germany) in accordance to ASTM EN 843-1 [102]. Strength σ  [MPa] was 
calculated according to Equation 9.  
 
                                                   22 4
3
2
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BW
LiLP =−=σ                                                           (9) 
 
where P [N] is the load at the fracture point, W [mm] is the thickness, B [mm] is the width,  L 
[mm] is the length of the support span and Li [mm] is the length of the loading span. The 
example of raw load-time plot, originated as a result of the test is shown in Figure 14. The 
maximum load at which samples fail was used to calculate the critical stress. This test was 
 
 
34
performed by EMPA, Swiss Federal Laboratories for Materials Testing and Research, 
Laboratory for High Performance Ceramics, Ueberlandstr. 129, 8600 Duebendorf, Switzerland.  
 
 
Figure 13: A schematic diagram of the 4-point bending test. The loading span is 1/2 of the 
support span 
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Figure 14: A-C represent the load-time plots of B4C samples before radiation (A, Sample # 7), 
after radiation (B, Sample # 14), after radiation and annealing (C, Sample # 14) for the typical 
strength values; The plots D-F represent the load-time plots of B4C samples before radiation (D, 
Sample # 2), after radiation (E, Sample # 1), after radiation and annealing (F, Sample # 4) with 
the highest strength 
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3.4.2 Weibull Parameters of Flexural Strength 
 
The Weibull distribution has been widely introduced to statistically describe the 
ceramics’ fracture behavior [109]. It is based on the hypothesis that the most serious flaw 
controls the strength. If the sizes of the large flaws, which are responsible for failure, are 
distributed according to a two-parameter power law, the strength values will be distributed in 
accordance with the Weibull distribution [110]. The simplified two-parameter Weibull equation 
shown in Equation 10 has been widely used in estimating chance of failure of ceramic 
components. It describes the relationship between the probability of failure Pf of a perfectly 
elastic body under a uniaxial tensile stress of σ [111]. It thus predicts the inherent dispersion in 
fracture strength of brittle materials. 
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where the two parameters, σ0 and m, are called Weibull parameters, determining the shape and 
location of the cumulative distribution function F(σ). The Weibull modulus m, characterizing the 
width of the strength distribution, has a value between 5 and 20 for technical ceramics. On a 
normalized scale, a higher m leads to a steeper function and thus a lower dispersion of fracture 
stresses. The scale parameter σ0, describing the strength, is closely related to the mean fracture 
stress σ  through Equation 11.  
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with Г(x) taking values between 0.9 and 1 for the above m-interval. The parameter σ0 influences 
the variance of the fracture stress, i.e., the lower dispersion. On an absolute scale, a smaller σ0 
means a lower dispersion. 
Once a set of N experimentally measured fracture stresses are obtained, it is desirable to 
fit the Weibull equation (Equation 10) to these observations, i.e. to determine the two parameters 
m and σ0. Taking the logarithm of Equation 10 twice gives the linear Equation 12. 
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With the slope b = m and a y-intercept of a = -mlnσ0. The σn values are the experimentally 
determined fracture stresses ordered as follows: 
σ1 < σ2 < … < σn < … < σN-1 < σN 
A probability of fracture will be assigned to each σn such that 
1 f,P   < 2 f,P  < … < n f,P  < … < 1-N f,P  < N f,P  
where 0 < Pf < 1. Since the true value of n f,P  for each σn is unknown, it has to be estimated. This 
estimator is to be chosen such that on average, the errors arising each time due to this estimation 
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compensate each other. There is more than one definition for the probability of fracture. One of 
the most common definitions is shown in Equation 13, which is used in our calculation. 
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                                                         (13)
 
 
In our experiments, in order to receive reliable Weibull statistics, 12 bars of B4C samples 
before radiation machined from the small 35×50×5 mm tile, 28 bars of B4C before machined 
from the large 80×80×8 mm tile, 30 bars of B4C samples after radiation and 30 for B4C samples 
after radiation and annealing were used respectively.  
The maximum likelihood method was introduced during the calculation of the two 
Weibull parameters. Maximum likelihood estimators are approximately normally distributed for 
large samples and are asymptotically unbiased and minimum variance estimators. The likelihood 
function for the observed failure stresses σ1, σ2, …, σn is presented in Equation 14. 
 
                                                    ( ) ( ) ( )nfffL σσσ L21=                                                         (14) 
 
where ( ) σσ ddPf /f=  is the probability density function, and the maximum likelihood 
estimates of m, σ0 and σ
 
are the values of them which maximize L. These values can be found 
by search methods or by the Newton – Raphson method [112].  
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Furthermore, the statistical behavior, including the average value and the standard 
deviation, of the flexural strength values and fracture toughness values were also calculated.  
 
3.4.3 SEVNB Fracture Toughness 
 
Fracture toughness (K1c) was measured using Single Edge V-Notched Beam (SEVNB) 
technique in accordance with CEN/TS 14425-5 standard [113]. For each of the three set of B4C 
samples, we had 6 bars measured in 4-point bending tests with spans of 20/10 mm. Before 
testing, each bar was required to cut the V-notch at the centre of the specimens’ tensile surface. 
The dimensions of the V notch’s cross section in our experiments were shown in Figure 15. The 
V-notches could be produced either by hand or by machining. First, 6 specimens were mounted 
parallel and side by side with their compression surface down on a plate; second, a straight notch 
was cut to a depth of about 0.6 mm using a thin diamond wheel; finally, we polished a second, 
deeper notch into the former one using the slot as a guide with a steel razor blade sprinkled with 
1 µm diamond paste. Figure 16 gives a scheme of how the SEVNB tests were performed in our 
experiments. The K1c values were measured at room temperature in air. The cross-head 
displacement speed was 0.3mm/min (UTM, Zwick Z005, Germany). 
Fracture toughness ICK  [MPa*m
1/2] was calculated according to Equation 15:  
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[mm] is the crack length, Fmax [N] is the load at the fracture point, W [mm] is the thickness, B 
[mm] is the width, 1s  [mm] is the length of the support span and 2s  [mm] is the length of the 
loading span. This test was performed by EMPA, Swiss Federal Laboratories for Materials 
Testing and Research, Laboratory for High Performance Ceramics, Ueberlandstr, 129, 8600 
Duebendorf, Switzerland. 
 
 
Figure 15: A schematic presentation of the cross section of the V notch in the B4C sample for 
K1C measurements 
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Figure 16: A schematic diagram of the SEVNB test 
 
3.4.4 Vickers Hardness 
 
Vickers hardness were measured by the Vickers indentation test. A typical impression of 
Vickers indenter on the sample surface is shown in Figure 17. We have two polished samples 
from B4C before radiation and after radiation conditions. Each sample was subjected to loads of 
100g, 200g, 500g and 1.0Kg (0.98N, 1.96N, 4.9N and 9.8N) for a period of 15 seconds. Under 
each load twenty locations were indented (for the load of 9.8N, we made 30 impressions). Care 
was taken to place the impressions far enough away from each other to ensure no interactions 
occurred between cracks generated from the corners of each Vickers impression. Digital images 
of micrographs obtained from Olympus Confocal Microscope or ZEISS SEM at a proper 
magnification were used for calculations. Hardness H [GPa] was calculated according to 
Equation 16:  
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where P [N] is the indentation load and d [μm] is the arithmetic mean of the two diagonals of a 
Vickers indentation [114].  
 
 
Figure 17: A top view of the Vickers impression placed in the B4C polished surface showing the 
formation of the four cracks originated from the corners of the impression 
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3.5 Characterization 
3.5.1 X-ray Diffraction 
 
X-ray bulk diffraction (XRD) of the samples was carried out on Rigaku D/MAX XRD 
(Cu Kα radiation) from 10 to 80° with a scan speed of 10 seconds per step and a step size of 
0.01°. JADE software [Materials Data Inc., Livermore, CA, USA] was used to identify the XRD 
peaks, crystallite sizes and lattice parameters in the three sets of B4C. And Origin 8.0 was used to 
determine the FWHM of the peaks, too. 
 
3.5.2 Raman Spectroscopy 
 
InVia Renishaw Raman microscope (shown in Figure 18) was used to study the 
vibrational spectra of boron carbide ceramics. Raman spectroscopy is a technique that 
investigates lattice vibrations. Since the vibrational frequencies are sensitive to perturbation, 
external and internal, this technique is mostly used to study the composition, phase, crystal 
orientation and sometimes, doping of materials [115]. Raman spectroscopy measures intensity vs. 
frequency or wave number. In a Raman spectra collection, the light of a laser is focused on the 
sample. The spectrum of collected scattered lights is analyzed by a spectrometer and a charge-
coupled device (CCD) detector. 
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The Raman microscope system consists of a laser (532 nm line of solid Si or near 
infrared 785 nm) to excite the sample, a single spectrograph fitted with holographic notch filters, 
and an optical microscope (a Leica microscope with a motorized XYZ stage) rigidly mounted 
and optically coupled to the spectrograph. Before collecting spectra of boron carbide, the 
spectrometer was calibrated with a Si standard using a Si band position at 520.3 cm-1. The 
average collection time for a single spectrum was 20 s. Different surface locations of the sample 
from each of the three sets were used for collection of the Raman spectra at room temperature. 
For room temperature and area mapping experiments the short working distance 100× objective 
was used. To produce two dimensional (2D) maps, Renishaw Wire 2.0 software was used. This 
software works with a mixed Lorentzian and Gaussian peak fitting function. The system’s peak 
fitting results were plotted to create a position map with a spectral resolution better than 0.2 cm-1. 
 
 
Figure 18: A photograph of the inVia Renishaw Raman spectrometer 
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3.5.3 Scanning Electronic Microscope 
 
All B4C samples after both 4-point bending tests and SEVNB tests were cleaned 
ultrasonically in acetone for several minutes and rinsed with ethanol prior to the SEM 
fractography. The microstructure of the fracture surfaces of all the samples was investigated by 
scanning electron microscopy (ZEISS ULTRA-55 FEG SEM, shown in Figure 19), in which no 
conductive coating was applied.  
 
 
Figure 19: A photograph of the Zeiss ULTRA-55 FEG SEM 
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CHAPTER 4: RESULTS AND DISCUSSIONS 
4.1 Density 
 
The densities of our hot-pressed samples are 98-99% TD. For B4C as HP sintered and 
without radiation, we had 40 samples measured, of which Sample #15-26 are from one small 
35×50×5 mm tile, and the rest are from one large 80×80×8 mm tile. For each of the other two 
conditions, i.e. after radiation and after radiation and annealing, we had 30 samples measured. 
The average density and the standard deviation are shown in Figure 20. The analytical balance 
used for Archimedes density measurements displayed a variation over time of ± 0.001 g. It is 
clear from the figure that the samples are well densified during the hot pressing. The 12 samples 
which were machined out of the small 35×50×5 mm tile exhibited almost the same density as the 
samples machined from the large 80×80×8 mm tile. The small amount of the residual porosity, 
which is left after hot pressing, was found as small isolated pores inside the dense body of the 
B4C tiles. 
As measured, some samples of B4C exhibited the values of density above the 
theoretically predicted number. The error could be introduced both during measurements, as a 
weight of the samples was rather small, and also because the density of acetone might be slightly 
different from the values provided over the internet, possibly because of the temperature of the 
liquid. 
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Figure 20: Average densities of B4C measured from samples before radiation, after radiation, 
after radiation and annealing. The number of samples measured was 12 for the small 35×50×5 
mm tile, 28 for the large 80×80×8 mm tile, 30 for after radiation and 30 for after radiation and 
annealing 
 
4.2 4-point Bending Flexural Strength 
 
The 4-point bending strength data on the samples made from small 35×50×5 mm and 
large 80×80×8 mm tiles were collected in order to determine if there is a difference in the 
strength in materials produced with the same technique and conditions but the different dies. In 
other words, it was of interest to see if the temperature distribution during hot pressing was 
homogeneous both in case when the smaller tile and larger tile were sintered. Indeed the average 
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strength of the 12 samples machined from the small tile was higher and standard deviation was 
smaller than those values of strength measured from 30 samples machined from the larger tile. 
The comparison of the strength values is presented in Figure 21. This is an indicative that the 
conditions (temperature and pressure distribution) are not the same in case when the small 
35×50×5 mm and the large 80×80×8 mm tiles are hot pressed. One can see that while the tile is 
small, it has higher strength values with a lower standard deviation. Therefore the defect 
population (such as pores, voids, larger grains) within the small tile is much more homogeneous 
and uniform bringing the σave up to 387 and standard deviation to ±52 MPa. However, the 
samples machined out of the larger 80×80×8 mm tile showed lower σave values of 319 with a 
huge standard deviation of ±128 MPa. 
 
 
Figure 21: A comparison of the flexural strengths of B4C measured from the samples machined 
from small 35×50×5 mm and large 80×80×8 mm tiles before radiation 
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Such decrease along with a huge spread of the measured strength values occurs because 
the temperature and pressure distribution during hot pressing was not very homogeneous thus 
allowing the formation of numerous defects and nonmicrostructural homogeneous areas to be 
formed during sintering. As a result, the lower strength values, the more analysis of strength data 
will follow in the Weibull statistic analysis chapter.  
 
 
Figure 22: A comparison of the flexural strengths of B4C tested in 4-point bending using samples 
before radiation, after radiation and after radiation and annealing 
 
The effect of the neutron radiation and annealing on strength of B4C is presented in 
Figure 22. It shows the comparison of average strength and the standard deviation of 30 B4C 
samples for three cases when 30 samples were tested without radiation (as hot pressed), 30 more 
samples were tested after radiation, and 30 more samples were tested after radiation and 
annealing. It is clear that the flexural strength decreases after irradiated by neutron, but gets 
recovered to a higher value after annealing.  
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It is expected that strength of the B4C would be affected by the neutron radiation, as a lot 
of defects, such as helium bubbles and vacancies are introduced in the materials. Here we 
detected that the σave decreased from 319±128 MPa for samples before radiation to 288±81 MPa 
for machined samples radiated with soft neutrons. It is also worth to notice that the standard 
deviation of the B4C decreased from ±128 MPa for samples before radiation to ±81MPa for 
samples after radiation. This points out that most likely the size of the critical defect would 
increase for the samples after radiation, thus bringing down both the strength and the spread of 
the strength values, that the strength numbers become more homogeneous. It is also well known 
[116] that the annealing of the radiated B4C would help heal the defects in the lattice, therefore 
the strength values should increase after annealing. Such increase was indeed observed for the 
samples that were annealed at 400 for 1 hour in the Ar atmosphere. After annealing the average 
strength increased to 364 MPa but the standard deviation was very high ±140 MPa. This 
indicates that some defects were revealed by the annealing.  
To verify if any dependence of strength on porosity of the B4C can be detected, the plots 
of the strength versus density of the samples were created. The increase in strength can be seen 
when the increase in density of the 2×2.5×25 mm samples was found as one can see from Figure 
23 - 25 for the samples tested before radiation and after radiation. The opposite tendency was 
observed for radiated B4C samples after annealing, but since it is a huge standard deviation from 
the average strength value that it is difficult to make the define conclusions (as is shown in 
Figure 26). If we add all strength versus density data into one plot, no trend can be detected, as 
one can see from Figure 27. 
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Figure 23: Strength vs density dependence for the B4C samples machined out of small 35×50×5 
mm tile before radiation 
 
 
 
Figure 24: Strength vs density dependence for the B4C samples machined out of large 80×80×8 
mm tile before radiation 
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Figure 25: Strength vs density dependence for the B4C samples after radiation 
 
 
 
Figure 26: Strength vs density dependence for the B4C samples after radiation and annealing 
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Figure 27: A comparison of strength vs density data for all B4C samples: ■) before radiation 
machined from the small 35×50×5 mm tile; ♦) before radiation machined from the large 
80×80×8 mm tile; ▲) after radiation; ●) after radiation and annealing 
 
4.3 Weibull Parameters of Flexural Strength 
 
The two parameters of the Weibull distribution have been calculated by the maximum 
likelihood method. For the condition of before radiation, 28 samples are used to obtain the scale 
parameter being σ0 = 360 MPa and the Weibull modulus m = 2.59 MPa. For both conditions of 
after radiation and after radiation & annealing, 30 samples are used. And the parameters are σ0 = 
318 MPa, m = 3.19 MPa and σ0 = 410 MPa, m = 2.63 MPa, respectively.  
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However, of course the true values for the Weibull parameters can only be obtained from 
unlimited samples. Really materials do not perfectly obey the Weibull fit, i.e. a straight line. 
Figure 28-31 depicts the Weibull diagrams of these B4C samples, showing clearly the deviations 
from the straight line, which is the fit from the maximum likelihood function. The x axis is the 
logarithm of the bending strength. The y axis is expressed by Equation 17. 
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where 
M
n
f
5.0P −= , (n = 1, 2… M) is a frequently used expression for the fracture probability. 
The fracture probabilities have to be chosen for a graphical representation or an evaluation by 
linear regression. 
The calculated σ0 and m Weibull parameters for four groups of B4C samples are 
summarized in Table 3. The B4C groups are as follows: twelve samples tested were made from 
small 35×50×5 mm tile. The samples were tested without using neutron radiation. All the 
samples showed rather homogeneous strength distribution, which certainly brought the Weibull 
parameters to higher values, as one can see from Table 3. Such strength distribution is reflected 
in rather steep slope in ln(ln(1/(1-F))) versus ln(σ) plot (shown in Figure 28). However, the 
results obtained from breaking the samples machined from the larger tile were relatively poor. 
Weibull modulus showed rather low value of 2.59 and the ln(ln(1/(1-F))) versus ln(σ) plot 
exhibited at least three different slopes, which is indicative that there are at least three different 
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types of the fracture origin present in the samples responsible for failure and such behavior. Thus, 
These data give a clear evidence that the hot pressing technique used to produce two tiles of 
different sizes provide nonhomogeneous temperature and pressure distributions during sintering, 
which bring the strength distribution significantly down in case of the tile with a larger 
dimensions. 
 
Table 3: Weibull parameters for four groups of B4C samples 
Weibull 
Parameters 
Before Radiation 
extra 12 samples 
Before 
Radiation 
After 
Radiation 
After Radiation 
and Annealing 
m (MPa) 8.9 2.59 3.19 2.63 
σ0 (MPa) 409 360 318 410 
 
For B4C samples machined out of larger tile and tested after being radiated by neutrons, 
the Weibull modulus was increased but still exhibit rather low value of 3.19. The ln(ln(1/(1-F))) 
versus ln(σ) plot for B4C after radiation showed also two different slopes indicating existence of 
two different fracture origins. 
The Weibull modulus value decreased again to 2.63 for B4C which was radiated with 
neutrons and annealed at 400 ºC for 1 hour, but the scale parameter σ0 was increased to 410 MPa 
in comparison with σ0 = 360 MPa for B4C bars before radiation and σ0 = 318 MPa after radiation. 
All Weibull distribution plots are presented in Figure 29 - 31 as separate plots, but Figure 32 
presents the comparison of Weibull distribution of all three groups together. The fracture 
surfaces analysis is required to better understand why there is such huge spread of the strength 
values and how radiation affected the B4C microstructure. 
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Figure 28: Weibull distribution of B4C samples before radiation machined out of small 35×50×5 
mm tile 
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Figure 29: Weibull distribution of B4C before radiation machined out of small 80×80×8 mm tile 
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Figure 30: Weibull distribution of B4C after radiation 
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Figure 31: Weibull distribution of B4C after radiation and annealing 
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Figure 32: A comparison of Weibull distribution of B4C strength for the samples tested before 
radiation, after radiation and after radiation and annealing 
 
4.4 Fracture Surface by SEM 
4.4.1 B4C Samples before Radiation 
 
In order to understand the fracture behavior and Weibull statistics of the fractured B4C 
samples, all tested samples were analyzed using Scanning Electron microscope. The fracture 
surfaces of the smaller batch of twelve B4C bars machined out of small 35×50×5 mm tile 
presented in Figure 33. One can see that some of the samples exhibited smooth and flat fracture 
surfaces, while others exhibited rather high relief and rough fracture surfaces. Samples 1-3, 5-9 
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and 11 have shown significant reliefs on the fracture surface, while samples 4, 6, 10 and 12 have 
smooth fracture surfaces. It was important to find and analyze the strength limiting defects on the 
fracture surfaces, as the size of those defects determine the bending strength of the B4C bars. 
From the Weibull distribution presented in Figure 28, one can see that the Weibull plot has two 
distinct slopes, the appearance of which determined by the presence of two separate types of 
defects in the samples. While by analyzing the fracture origins of the 12 samples, it was not 
possible to distinguish between two separate types of defects/fracture origins, what is clear that 
in all of the 12 samples the fracture origin is located in the surface layer of the side under 
tension. Most likely the defects were introduced during machining. The typical fracture surface 
around fracture origin was represented by the existence of the mirror region where the crack, 
which initiated at the defect, started growing slowly in a controlled manner, and then, when the 
applied stress increased, it started propagate catastrophically bringing the instantaneous brittle 
failure. 
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Figure 33: Fracture surfaces of 12 samples machined from the small 35×50×5 mm tile 
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Figure 34: Fracture origins located on the fracture surfaces of 12 samples machined from the 
small 35×50×5 mm tile 
 
Analyzing the fracture surfaces of the larger 27 samples batch machined out of larger 
80×80×8 mm tile, the differences in the fracture surfaces profiles were much more distinct in 
comparison with the fracture surfaces of 12 bars machined out of small 35×50×5 mm tile. As 
shown in Figure 35, samples 1, 4, 5, 7-10, 13, 27-38 and 39 exhibited rough and highly relief 
fracture surfaces, but samples 2, 3, 6, 11, 12, 14 and 26 had much more flat and smooth surfaces. 
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Analysis of fracture surfaces revealed the presence of different types of defects, such as surface 
defects introduced by machining, fracture origin located in the bulk close to the surface under 
tension, and same porous highly defective areas inside of the sample. As shown in Figure 36, the 
size of the fracture origins in the bulk of the sample was in the range of 60 – 100 μm, which is 
rather big and therefore the strength of the samples with such defects was in the range of 250-
300 MPa. However, if the critical defect size was decreased to 20 μm or less, the measured 
strength was in the range of 450-550 MPa. For one of the sample (# 37), the larger defective area 
of the numerous pores with a size of 300-400 μm served as a fracture origin, and the strength of 
the sample was measured to be only 219 MPa. Such variability in the dimensions and type of the 
fracture origins in the samples machined from the larger tile is responsible for broad strength 
distribution and appearance of at least three different slopes of the Weibull distribution curve. 
This is an indication that the hot pressing technique used to sinter the larger tile is not an optimal 
technique to produce homogeneous high quality material, as the Weibull parameter m for the 
samples was 2.9, which is very low even for brittle B4C ceramics. It might be that the technology 
has to be improved such as achieve more homogeneous distribution of temperature in the heating 
zone of the furnace. Also, the homogeneity of powder can be also improved and the impurity 
level can be decreased. 
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Figure 35: Fracture surfaces of 27 samples machined from the large 80×80×8 mm tile 
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Figure 36: Fracture origins located on the fracture surfaces of 27 samples machined from the 
large 80×80×8 mm tile 
 
The higher magnification micrographs of the fracture surfaces of three B4C which were 
not radiated are presented in Figure 37 - 39. The samples # 1, 7, and 34 were chosen to look at 
more details at the fracture surface close to the surface under tension. In fact, the edge of the 
tensile side of the sample can be seen in Figure 37. The images were taken on the upper tensile 
side of the bar from the left, central, and right side of the sample across the width. As one can see 
from the images, of numerous defects are present, among them cleavage planes, some twin like 
defects, and simple cracks formed during the crack growth and propagation. The images 
presented give a good impression about the quality of the fracture surfaces of the samples. 
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Figure 37: SEM micrograph of the fracture surface of the B4C sample (#1, σf = 251.3 MPa) taken 
from the area close to the tensile surface of the samples 
 
 
Figure 38: SEM micrograph of the fracture surface of the B4C sample (#7, σf = 246.8 MPa) taken 
from the area close to the tensile surface of the samples 
 
 
Figure 39: SEM micrograph of the fracture surface of the B4C sample (#34, σf = 200.6 MPa) 
taken from the area close to the tensile surface of the samples  
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4.4.2 B4C Samples after Radiation 
 
The 30 small 2×2.5×25 mm bars of B4C ceramics, which were exposed to the neutron 
radiation for 3.5 months in the neutron source at the Department of Physics and then tested in 4-
point bending to determine the strength of such samples, were studied using SEM to determine 
the fracture modes and the origins of failure. The fracture surfaces of these samples are presented 
in Figure 40. The fracture surfaces at the small magnification look very similar to the fracture 
surfaces of B4C ceramics which were not exposed to the neutron radiation. The difference was 
that most of the radiated samples exhibited rough fracture surfaces and only few samples such as 
Sample #1 and Sample #7 had more smooth fracture surfaces. It is worth to note here, that the 
machining of the samples was performed at Prema Tech Advanced Ceramics and it was expected 
that after machining, all samples will be chamfered to remove the sharp edges, which are an 
extensive source of the critical defects, serving as fracture origin during the failure. However, 
while some of the samples were chamfered during machining, most of the samples (#10, 12-30) 
were left without chamfers. 
Most of the fracture origins of the samples after neutron radiation had the same nature as 
the B4C bars which were not radiated. The fracture origins of these samples are presented in 
Figure 41. The majority of the defects were located at the surface under tension during bending 
and looked like chips introduced during machining. Some of the fracture started from the defects 
located near the chamfer of the bar, such as in example of Sample # 8. Some of the fracture 
origins were not possible or difficult to defect such as for Sample # 1, 4, 9, 14, 15, 16, 19. For 
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those fracture origins which were located at the feasible surface of the sample, the mirror 
surfaces next to the fracture origins can be seen, where crack propagated slowly in the controlled 
manner, such as in the samples # 6 and 7, for example.  
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Figure 40: Fracture surfaces of B4C samples after neutron radiation  
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Figure 41: Fracture origin of B4C samples after neutron radiation 
 
The micrographs at higher magnification, taken in a similar way as for the samples before 
radiation, are shown in Figure 42 - 44. For the samples after radiation with neutrons, no visible 
difference can be seen from the samples which were fractured without radiation (Figure 37 - 39). 
The samples analyzed (# 5, 14, 19) were chosen as they exhibited very typical fracture pattern 
upon failure and we can consider them as typical representative of all 30 samples of B4C tested 
after radiation. The same types of the defects were present – cleavage planes, twins, pores, 
inclusions, along with the transgranular fracture modes were all observed at the fracture surfaces. 
 
 
Figure 42: SEM micrograph of the fracture surface of the B4C sample (#5, σf = 225.0 MPa) taken 
from the area close to the tensile surface of the samples 
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Figure 43: SEM micrograph of the fracture surface of the B4C sample (#14, σf = 237.8 MPa) 
taken from the area close to the tensile surface of the samples  
 
 
Figure 44: SEM micrograph of the fracture surface of the B4C sample (#19, σf = 260.6 MPa) 
taken from the area close to the tensile surface of the samples  
 
4.4.3 B4C Samples after Radiation and Annealing 
 
The 30 small 2×2.5×25 mm bars of B4C ceramics, which were exposed to the neutron 
radiation for 3.5 months in the neutron source at the Department of Physics has been further 
annealed at 400ºC for one hour of dwell time in pure N2 environment. After annealing, the 
samples were tested in 4-point bending to determine the effect of radiation and annealing, and 
their fracture surfaces were further analyzed using SEM to determine modes and origins of 
failure. The fracture surfaces of these samples are presented in Figure 45. The fracture surfaces 
at small magnifications look very similar to the fracture surfaces of B4C ceramics tested both 
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before and after radiation. Most of the annealed samples exhibited rather coarse relief and rough 
fracture surfaces, the same as tested samples before radiation and after radiation. In a few 
samples (# 9, 26, and 27) the propagating crack moved in the out of plane direction, creating the 
major fracture steps on the fracture surfaces. It is possible that such deviations of the moving 
crack lead to the increase of the fracture strength of these samples. The strength of sample # 9 
was 669 MPa, sample # 26 was 450 MPa, and sample # 27 was 595 MPa, while the average 
strength of the B4C samples after radiation and annealing was 364 MPa. However, sample # 4, 
which exhibited very smooth fracture surface, actually very distinct from all other samples, had 
very high strength value of 732 MPa. It is worth to note that the sample has very distinct 
chamfers made in a very good manner on the surface edges which were under tensile stress in 
bending. The presence of such chamfers might eliminate a lot of defects which could be critical 
to bring the critical stress down to the lower value. 
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Figure 45: Fracture surfaces of B4C samples after radiation and annealing 
 
The fracture origins of the B4C samples after annealing are presented in Figure 46. For 
the majority of the samples, the fracture origins are located at the surface and those, most likely, 
are defects introduced by machining. For the sample # 4 with a very high strength above 700 
MPa, it was not possible to detect fracture origin. 
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Figure 46: Fracture origin of B4C samples after radiation and annealing 
 
The micrographs of the fracture surfaces of all the B4C after radiation and annealing at 
higher magnification are shown in Figure 47 – 49. No significant differences are detected 
between these samples (# 2, 7, and 14) and samples that were tested before and after radiation 
without annealing. The same fracture patterns, such as cleavage, are present. A lot of defects are 
present; some of them can be assigned as twins or cleavage steps on the fracture surfaces. 
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Figure 47: SEM micrograph of the fracture surface of the B4C sample (#2, σf = 324.0 200.6 MPa) 
taken from the area close to the tensile surface of the samples 
 
 
Figure 48: SEM micrograph of the fracture surface of the B4C sample (#7, σf = 281.6 MPa) taken 
from the area close to the tensile surface of the samples 
 
 
Figure 49: SEM micrograph of the fracture surface of the B4C sample (#14, σf = 250.6 MPa) 
taken from the area close to the tensile surface of the samples 
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4.5 Fracture Toughness and Surfaces by SEM 
4.5.1 Fracture Toughness 
 
The fracture toughness measured by bending of V-notch samples of the B4C before 
radiation, after radiation, and after radiation and annealing is presented in Figure 50. As one can 
see from Figure 50, the fracture toughness was largely not affected by the radiation treatment, as 
all three sets of samples exhibited the nearly same values. While there is a minimal increase of 
the average K1C from 2.9 MPa*m1/2 for the samples before radiation, to 2.97 MPa*m1/2 for the 
samples after radiation, to 3.01 MPa*m1/2 after radiation and annealing, the differences are too 
small to state about any trend of increasing fracture toughness. Especially if one takes into 
account the standard deviation which shows the overlap of the K1C values in all three data sets 
measured. Therefore, while one can see the difference in strength of B4C after radiation and 
annealing, no difference can be found in the fracture toughness of B4C. 
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Figure 50: A comparison of the average fracture toughness values and the standard deviations of 
B4C before radiation, after radiation, after radiation and annealing 
 
4.5.2 Fracture Surfaces after SEVNB by SEM 
 
The fracture surfaces of the V-notched samples after K1C tests were analyzed using SEM. 
The Figure 51 shows six fracture surfaces of the B4C samples before radiation which were used 
to determine K1C. The V-notch surface is visible in the upper side of each of the samples, and 
this is where the critical crack started to propagate. Five of the samples exhibited typical coarse 
fracture surfaces, while one of the samples exhibited a smooth fracture surface, however, the K1C 
values were almost the same for all six measured samples. 
The fracture surfaces of the samples after radiation (shown in Figure 52) and after 
radiation and annealing (shown in Figure 53) revealed rather coarse fracture surfaces typical for 
B4C under study, and nothing distinct could be found in such fracture surfaces analysis, 
especially if all of the samples exhibited almost the same K1C values. 
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Figure 51: SEM micrographs of the fracture surface of the B4C before radiation with V notch 
after K1C measurement 
 
 
Figure 52: SEM micrographs of the fracture surface of the B4C after radiation with V notch after 
K1C measurement  
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Figure 53: SEM micrographs of the fracture surface of the B4C after radiation and annealing with 
V notch after K1C measurement 
 
4.6 Vickers Hardness 
 
In general, material deformation under indentation might involve such competing 
mechanisms as brittle macro- and microfracture, plasticity-dislocation and defect formation in 
the material underneath the indenter. 
The Vickers hardness values measured by the Vickers indentation tests of the B4C 
samples before radiation and after radiation are presented in Figure 54 and 55, respectively. 
From those figures, one can see that the Vickers hardness value changes with different loads. As 
one can see from Figure 54, for the B4C samples before radiation, the measured Vickers hardness 
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value decrease from 36.1 GPa to 34.3 GPa, 33.9GPa and 29.7 GPa, as the load increases from 
0.98N to 1.96N, 4.9N and 9.8N. Figure 55 shows random Vickers hardness values for the B4C 
samples after radiation. Comparing these two figures, it is clear that the Vickers hardness value 
of B4C samples is largely affected by the radiation treatment, as the average values decrease 
from 36.1 GPa to 32.0 GPa under the load of 0.98N, from 34.3 GPa to 33.7 GPa under 1.96N 
and from 29.7 GPa to 28.6 GPa under 9.8N. While the average value increase from 33.9 GPa to 
34.4 GPa under the load of 4.9N.  
 
0
5
10
15
20
25
30
35
40
45
0.98 1.96 4.9 9.8
Load, N
H
ar
dn
es
s,
 G
P
a
36.1±2.5 34.3±3.2 33.9±3.9
29.7±2.5
 
Figure 54: A comparison of the average Vickers hardness values and the standard deviations of 
B4C before radiation under the loads of 0.98N, 1.96N, 4.9N, 9.8N 
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Figure 55: A comparison of the average Vickers hardness values and the standard deviations of 
B4C after radiation under the loads of 0.98N, 1.96N, 4.9N, 9.8N 
 
4.7 Crystal Structure and Bonding Information 
4.7.1 XRD 
 
The lattice parameters of the B4C samples before radiation, after radiation and after 
radiation and annealing were analyzed by the X-ray diffraction (XRD) patterns. Figure 56 
presents the X-ray diffraction patterns of them. It is clear, from the XRD patterns, that all the 
samples exhibited characteristic peaks of boron carbide reported previously. There is no big 
difference between the three patterns. The lattice parameters were also obtained from those 
patterns and were presented in Table 4. It is seen from the table that the lattice parameters a and 
c shrank after radiation. While annealing made the lattice a shrink but c increase a little bit. After 
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reviewing the ratio of c to a, we could see that the lattice was elongated after radiation, and was 
elongated further after radiation and annealing. There are more than point defects that was 
generated by radiation. It may not accurately show the trend in the lattice parameters after 
radiation and after annealing since the sample chosen to do X-ray diffraction is random, not 
according to their flexural strength. This work needs to be further confirmed.   
 
 
Figure 56: A comparison of X-ray diffraction pattern for B4C samples before radiation, after 
radiation and after radiation and annealing 
 
Table 4: Lattice parameters of B4C samples from XRD 
Hexagonal Before Radiation After Radiation After Radiation and Annealing 
a (Å) 5.6403 5.6170 5.6121 
c (Å) 12.1342 12.0937 12.1134 
c/a 2.1513 2.1531 2.1584 
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4.7.2 Raman Spectroscopy 
 
Although Raman spectroscopy is considered to be a sophisticated technique for physical 
characterization at the micro structural level, our main object in this work is to point out the 
major features in the Raman spectrum of B4C samples under three conditions, and compare them 
with each other.  
The Raman spectra of the B4C samples before radiation, after radiation and after radiation 
and annealing were presented in Figure 57. The experimental spectra were taken between 100 
and 3200 cm-1 wave numbers. As one can see from Figure 57, despite some minor differences in 
parts of the spectra, these three samples showed very similar Raman spectroscopy, indicating 
similar microstructure and atomic and molecular vibration modes. The vibration modes around 
480 and 530 cm-1 are associated with the CBC chain vibrations. The bonding of the central linear 
CBC chain is characterized by a strong covalent bond. As the mechanical properties of B4C (high 
Young’s modulus and so on) are essentially due to the linear CBC chain [117], it was expected 
to see big difference at these two modes, which should be consistent with the difference in 
flexural strength as measured from the three sets of samples. However, we didn’t see too much 
difference between the three spectra, probably because the hot pressing process was not 
homogeneous, the samples were also not homogeneously irradiated, and the annealing process 
did not heal the samples homogeneously.  
The modes above 600 cm-1 are mainly related to internal vibrations of the icosahedra, 
including the intra-icosahedral vibrations’ frequencies from 570 to 1060 cm-1 and the inter-
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icosahedral vibrations’ frequencies near 1100 cm-1. The frequencies below 330 cm-1 are the 
librational modes. 
 
Figure 57: A comparison of Raman shift for B4C samples before radiation, after radiation and 
after radiation and annealing 
 
The X-ray diffraction and micro-Raman Spectroscopy did not reveal significant 
differences between diffraction pattern and vibrational spectra of B4C after different treatments. 
More research is required to explain the defected differences in 4-point bending strength of B4C 
and reveal the defects in the structure responsible for the changes in bending strength. 
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CHAPTER 5: CONCLUSIONS 
 
The densities of our hot-pressed samples are 98-99% of theoretical density. The samples 
machined out of the small 35×50×5 mm tile exhibited almost the same density as the samples 
machined from the large 80×80×8 mm tile. Compared with the small 35×50×5 mm tile, the hot 
pressing of the larger 80×80×8 mm tile produced much more non-homogeneous microstructure 
of B4C with presence of a large number of different defects, such as pores, large grains and 
carbon inclusions. As a result, the 4-point bending strength of samples machined from the small 
35×50×5 mm tile has been measured to be 387 ±52 MPa, while the measured strength from the 
larger 80×80×8 mm tile is 319±128MPa. The Weibull statistics obtained from measuring 4-point 
bending strength on B4C samples before they were neutron radiated showed the very different 
coefficients, the Weibull modulus m=8.9MPa and the scale parameter σ0 = 409MPa for the small 
35×50×5 mm tile, and m=2.59MPa and σ0 =360MPa for the larger 80×80×8 mm tile. For the 
small 35×50×5 mm tile, all the samples showed rather homogeneous strength distribution, which 
certainly brought the Weibull parameters to higher values. Such strength distribution is reflected 
in rather steep slope in the plot. For the larger 80×80×8 mm tile before radiation, the Weibull 
modulus showed rather low value and the plot exhibited at least three different slopes, indicating 
that there are at least three different types of the fracture origins responsible for failure and such 
behavior. After radiation of the samples with soft neutrons for the period of 3.5 months, 30 
2×2.5×25 mm bars were tested again in 4-point bending. They showed the decrease of the 
average strength value to 268±81MPa, but at the same time the standard deviation of the strength 
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become much lower in comparison with samples before radiation. And the Weibull modulus m 
was increased but still exhibited rather low value of 3.19MPa. But the scale parameter σ0 was 
decreased to 318MPa. Two different slopes in the plot indicating existence of two different 
fracture origins. After annealing at 400 ºC for 1 hour, 30 B4C samples which were radiated with 
neutrons, were also tested in 4-point bending to measure strength. It was expected that the 
annealing should bring the healing of the defects introduced during radiation, and therefore the 
strength values are expected to be increased. Indeed, σf was equal to 364±140MPa, however 
again the Weibull modulus was very low (m=2.63), but the scale parameter was increased to σ0 = 
410 MPa. Since it is a huge standard deviation from the average strength value, it is difficult to 
verify if any dependence of strength on porosity of the B4C exist.  
The fractography of the fracture surfaces of B4C before, after radiation, and after 
radiation and annealing did not reveal significant differences, but more study is required to 
analyze the fracture surfaces in a more thorough way and at higher magnifications.  
Fracture toughness measured on all B4C samples after three treatments, showed the 
standard K1C value for B4C, coinciding very well with the data reported in the literature. The K1C 
values are almost identical for all tests performed, showing that the fracture toughness was 
largely not affected by the radiation treatment. The fracture surfaces of the V-notched samples 
after K1C tests also revealed rather similar surfaces. 
The Vickers hardness values measured from B4C samples before radiation and after 
radiation showed a downward trend after radiation (Hv decreased from 36.1 GPa to 32.0 GPa 
under the load of 0.98N, from 34.3 GPa to 33.7 GPa under 1.96N and from 29.7 GPa to 28.6 
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GPa under 9.8N.), although under the load of 4.9N the value increased from 33.9 GPa to 34.4 
GPa after radiation. 
The X-ray diffraction showed that there are not only point defects that were generated by 
radiation. The X-ray diffraction and micro-Raman Spectroscopy did not reveal significant 
differences between diffraction pattern and vibrational spectra of B4C after different treatments. 
More research is required to explain the defected differences in 4-point bending strength of B4C 
and reveal the defects in the structure responsible for the changes in bending strength. 
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